We have evaluated the Lyman-α limb emission from the exospheric hydrogen of Mars measured by the neutral particle detector of the ASPERA-3 instrument on Mars Express in 2004 at low solar activity (solar activity index = 42, F 10.7 = 100). We derive estimates for the hydrogen exobase density, n H = 10 10 m −3 , and for the apparent temperature, T > 600 K. We conclude that the limb emission measurement is dominated by a hydrogen component that is considerably hotter than the bulk temperature at the exobase. The derived values for the exosphere density and temperature are compared with similar measurements done by the Mariner space probes in the 1969. The values found with Mars Express and Mariner data are brought in a broader context of exosphere models including the possibility of having two hydrogen components in the Martian exosphere. The present observation of the Martian hydrogen exosphere is the first one at high altitudes during low solar activity, and shows that for low solar activity exospheric densities are not higher than for high solar activity.
Introduction
The physical properties of the Martian exosphere determine atmospheric loss rates, which are in turn necessary to understand the water inventory evolution of the planet . The thermal escape rate, for example, depends directly upon exospheric temperatures. The ASPERA-3 experiment on board the Mars Express spacecraft has been designed to study the interaction of the solar wind with the upper atmosphere (Barabash et al., 2004) by measuring ions, electrons and energetic neutral atoms (ENAs). It was not designed to study the neutral exosphere directly, but the density and temperature of the hydrogen exosphere are the most important parameters that affect the production of ions and ENAs in the near-Mars space .
Unfortunately, there are still no in situ data available from the Martian hydrogen exosphere. All temperature and density values have been derived either from airglow measurements of the Lyman-α emission of neutral hydrogen or from aerobraking data (Lichtenegger et al., this issue) . The two Viking landers (Nier and McElroy, 1977) have performed mass spectrometer measurements below 200 km altitude, but it has been questioned if the measured temperatures of carbon oxides, nitrogen and argon apply to the exospheric hydrogen, too.
The first work to derive the temperature and the exobase density of the hydrogen corona was done by Anderson and Hord (1971) , based on Mariner 6 and 7 Lyman-α airglow measurements at high solar activity (Barth et al., 1971 (Barth et al., , 1972 . Assuming one single temperature for the hydrogen exosphere they derived T = 350 K and n H = 3 × 10 10 m −3 at 250 km above the surface. Mariner 9 airglow measurements confirmed this temperature (Barth et al., 1972) . On the other hand, temperatures derived from mass spectrometer or aerobraking data (186 K and 145 K in the case of the Viking landers, 220 to 230 K for Mars Global Surveyor (Bougher et al., 2000) ) are considerably lower. Recent CO 2 dayglow measurements done with SPICAM for altitudes below 200 km also yield a temperature of only 200 K. In analogy to Venus, where the exospheric hydrogen density profile has been explained (Anderson, 1976; Bertaux et al., 1978) by the presence of a cool bulk component and a tenuous hot population of atoms that have been heated up in photodissociation and dissociative recombination processes, the same approach is proposed by Lichtenegger et al. (this issue) for the Martian exosphere to resolve the discrepancy between Lyman-α airglow measurements and in situ measurements.
In this work we present a recent Lyman-α airglow measurement performed with the neutral particle detector on Mars Express in 2004 during low solar activity (solar activity index equal to 42). We interpret our measurements with a numerical exosphere model, and we compare the results to the Lyman-α airglow measurements from Mariner 6 and 7 in 1969.
We give a quick overview over the instrument (Section 2) and explain how we calibrated the Lyman-α sensitivity of the neutral particle detector (NPD) that was originally not intended as a UV detector (Section 3). After showing the observation condition for the Lyman-α airglow measurement (Section 4) we introduce the numerical exosphere model and the radiation transport equation that relates the modeled density profile to the measured UV emission (Section 5). We then interpret the UV limb emission: First we assume one single hydrogen component and search for the exosphere model whose temperature and exobase density fits best (Section 6.1). We compare these values for low solar activity to those found from Mariner measurements for high solar activity. Finally, we study what constraints the Mariner and Mars Express data put on an exosphere model with two hydrogen components (Section 6.2).
Instrumentation
The ASPERA-3 instrument on board the Mars Express spacecraft comprises four different sensors. The ion mass analyser and the electron spectrometer are used to measure local ion and electron densities, and the neutral particle detector (NPD) and the neutral particle imager (NPI) to detect energetic neutral atoms (ENAs) (Barabash et al., 2004) . In the current report we concentrate on one single NPD data set.
The neutral particle detector consists of two identical sensors, NPD1 and NPD2, which are sensitive to ENAs in the energy range of 0.1 to 10 keV using the time-offlight technique. Each sensor has one start and three stop surfaces, which provide an angular resolution of roughly 30
• in azimuthal direction as shown in Figure 4 . Although the NPD entrance system has been designed to suppress UV photon count rates the suppression is not complete, and an electronic signal can be triggered on the start and stop surface if the energy of a photon exceeds the ionization potential of the detector surface. The stop surface has an MgO coating with a bandgap of 7.8 eV (Deutscher et al., 1999) . Thus, UV radiation at wavelengths below λ = 160 nm is clearly visible in NPD data:
The UV emission of the Martian atmosphere is known (Barth et al., 1972 , based on Mariner data) to have no contribution in the wavelength range below 160 nm except from the Lyman-α (λ = 121.6 nm) line that is caused by resonant scattering of solar UV light on neutral hydrogen atoms. The resonant scattering on helium atoms produces UV emission at even shorter wavelengths (λ = 58.4 nm), but the disk airglow intensity due to neutral helium has been found to reach only 40 to 70 Rayleigh (R) (Krasnopolsky and Gladstone, 1996, 2005) (1 R .
, which is orders of magnitudes smaller than the hydrogen intensities. Therefore, we can use NPD data to map the neutral hydrogen densities when looking at the Mars exosphere.
Calibration of UV Sensitivity
The NPD sensor accumulates signals of incoming ENAs and UV photons in steps of one second by sampling all coincident count events. A start-stop signal pair is regarded as a correlated event, if the time gap between the two signals does not exceed 2048 ns. This time gap allows the detection of ENAs in the energy range between 0.1 and 10 keV. On the other hand, two different photons that by coincidence hit the start and the stop surface within 2048 ns mimic a correlated event as well. ENAs and UV background can be separated only by studying the entire TOF spectrum. This is demonstrated in Figure 1 : After integrating the NPD count rates over several minutes a stream of ENAs produces a measurable peak in the TOF spectrum depending on mass and energy of the particles. UV photons, on the other hand, produce a flat noise level, which can appropriately be parameterized by a linear model. Since the NPD detector is only sensitive to hydrogen ENAs above 0.1 keV, corresponding to the first hundred TOF bins, the higher TOF bins of the spectrum can be used to estimate the background level due to UV photons. To deduce the UV intensity from the registered background count rate (see Figure 1 ) the UV sensitivity of the instrument was calibrated using all NPD data from July 2003 to January 2004 during the cruise phase. For these measurements far away from any planetary atmosphere the background reflects only the known UV brightness of the sky. Figure 2 shows our reference UV map. It is a composite picture of UV measurements done by the SWAN experiment on SOHO (NASA, 2006) and gives an average UV intensity in Rayleigh for the year 2004 for all viewing directions. The map includes all non-planetary UV sources: the interstellar gas, single stars and the galactic background. The sensitivity range of the SWAN instrument includes wavelengths from 117 to 180 nm, but the vast majority of the photons belongs to the Lyman-α line of neutral hydrogen at 121.6 nm. The omnidirectional UV background of 300 to 600 R is due to resonant scattering of Lyman-α radiation on interstellar neutral hydrogen. The bright stars in the galactic plane emit UV radiation outside the Lyman-α line, but according to the diffuse sky brightness model of Leinert et al. (1998) the UV flux integrated from 140 to 180 nm does not exceed 60 R even in the galactic plane where the stellar UV brightness is highest. Thus, the UV map we have used for calibration ( Figure 2 ) shows in good approximation the Lyman-α photon flux and the NPD instrument registers, at wavelengths below 160 nm, virtually only Lyman-α photons as well. In the following sections, 'UV' and 'Lyman-α' will be used as synonyms by default.
For the subsequent analysis of the Martian limb emission measurement we need to have a relation between the average UV flux inside the field-of-view of an NPD sector and the background count rate that is registered for this viewing direction. The measured background count rate in NPD must be proportional to the probability that two independent UV photons trigger a start and a stop pulse within a small Figure 2 . Full-sky image of the UV brightness in the wavelength range λ = 117 to 180 nm, adapted from measurements made with SWAN on SOHO (NASA, 2006) . Coordinates are given in the ecliptic reference frame, the units of the color bar are given in Rayleigh. The dark background is due to the resonant scattering of Lyman-α radiation on interstellar hydrogen atoms, whereas the narrow U-bend shows the galactic plane with its bright UV stars. time interval. More precisely, we expect the following relationship between the UV intensity I [kR] and the background count rate C [counts s
−1 ]:
with c 0 the dark count rate. To find the calibration constants c 0 and c 1 we have evaluated all available measurements from the cruise phase. Figure 3 shows the measurements and the leastsquares fit curves for two of the six NPD directions, NPD1 1 (triangles) and NPD1 2 (circles). The error bars of the count rates reflect the statistical errors, the uncertainty of the UV intensity is due to possible short time variations of the solar UV irradiance and due to the size of the field-of-view (4
• × 30 • ) that may cover regions of variable UV brightness. This uncertainty is most pronounced for the six data points above 1 kR for which NPD1 1 was directed to the region of α Cen (the dark spot at λ = 240 Figure 2 ). Within the individual error bars Equation (2) describes the UV sensitivity of the instrument. For NPD1 1 a least-squares fit yields for the dark count rate c 0 = 0 counts s −1 and c 1 = 2.83 ± 0.5 kR s 1/2 . The error bar takes into account the error of the count rates and of the UV intensities. In the following we will only use the calibration constants for NPD1 2 because the UV limb emission measurement was made with this sector. For NPD1 2 we find very similar calibration constants, c 0 = 0.0037 ± 0.003 counts s −1 and c 1 = 2.64 ± 0.35 kR s 1/2 . Thus, I and C follow 
Limb Emission Measurement
For our study we have chosen the UV signal measured on April 25, 2004, from 12:00 until 13:10 UT, when the NPD field-of-view was directed to the North pole region of the Martian exosphere. The pointing direction of the NPD sensor is fixed with respect to the ecliptic reference frame while Mars with its exosphere slowly moves into the field-of-view of the sensor. This configuration ensures that the Lyman-α background due to the interplanetary hydrogen and the stellar radiation remains constant during the measurement. Figure 4 shows the observation condition for the begin and for the end of the measurement period in a spacecraft-centered view. The solar zenith angle remains constant at 145
• . Figure 5 illustrates the observation geometry: For any given time period the measured UV intensity is proportional to the UV limb emission averaged over the field-of-view and integrated along the line of sight through the Martian exosphere. The so-called tangential height, h i , is the minimum distance between the line of sight and the Mars surface. For our observation it decreases within 75 minutes from 7250 to 1900 km, whereas the altitude of the spacecraft above the Mars surface, d i , decreases from 10,800 to 7,700 km. Before 12:00 UT the instrument was not operating, and a few minutes after 13:15 the line of sight intersected the surface of Mars itself.
We have then divided the observation period into 15 consecutive intervals of 5 minutes duration and retrieved the height of the UV background for each measurement. One of the corresponding TOF spectra is shown in Figure 1 , in which the dashed line indicates the height of the UV background. These count rates can be converted to Lyman-α intensities (in number of photons per second per steradian per square meter or in kR), since we have calibrated the UV sensitivity of the instrument.
With Equation (3) the 15 different measurements can be plotted as UV fluxes in kR (Figure 6 ). These fluxes are to be understood as UV emission of the neutral hydrogen integrated along the line of sight through the Martian exosphere. Because the hydrogen particle density is higher close to the planet the limb emission increases as the field-of-view covers deeper layers of the atmosphere. The non-planetary UV background (see Figure 2 ) has already been subtracted in Figure 6 , it is a constant (Equation (10)) because the field-of-view retains its inertial pointing direction over the entire measurement.
UV Emission Model and Exosphere Model
If we are to deduce the temperature and the exobase density of the neutral hydrogen from the measured UV fluxes presented in Figure 6 , we need two things: first we need a model that yields a hydrogen density profile n H (r ) for a given temperature T and exobase density. Second, we need a radiation transport equation that relates the modeled density profile to a UV emission that can be compared to the measurements. (3)), and the uncertainty of the subtracted UV background (Equation (10)) from interstellar gas and stellar sources. The values for the height, h i , are accurate to 300 km, the uncertainty being due to the finite aperture angle of the sensor.
For the exosphere model we assume a spherically symmetric distribution of neutral hydrogen with one single constant temperature. Several components of hydrogen are thought to co-exist in the exosphere (Lichtenegger et al., this issue) but an exosphere with two components will simply be modeled as a linear combination of two different models, each of them with its own exobase density and temperature (see Section 6.2). We assume that the exobase lies at 220 km (Lichtenegger et al., this issue) above the surface, and that the hydrogen atoms are fully thermalized at the exobase. The velocity distribution of particles in the exosphere is of course not Maxwellian. The exospheric density profile results from calculating the trajectories of many particles using a one-dimensional Monte Carlo code (Wurz and Lammer, 2003) , for which the exobase density and the temperature are the two free parameters. The differences to a three-dimensional spherically symmetric code are not significant. Keep in mind, however, that a high spatial variability of temperatures and densities has to be expected. According to Holmström (this issue) the hydrogen exobase density may vary as much as an order of magnitude with geographic latitude and solar zenith angle, the lowest exospheric densities in spring 2004 are expected above the North pole. Two density profiles for different temperatures are presented in Figure 7 . Empirically, the density profiles can be expressed as a set of continuous power law functions with differing exponents. For T = 1000 K, e.g., we find 1.4 × 10 11 m −3 r −2.92 for 5.2 < r < 7, 5.6 × 10 10 m −3 r −2.47 for 7 < r < 14.2, 2.9 × 10 10 m −3 r −2.22 for 14.2 < r < 30, 1.8 × 10 10 m −3 r −2.07 for 30 < r < 100,
with the radial distance r = (h + R M )/1000 km. To compare the modeled exosphere density profile with the UV limb emission measurements, we assume that the UV emission is entirely due to resonant scattering on hydrogen atoms. As discussed above, the Sun is outside the field-of-view and the line of sight is outside Mars eclipse. Moreover, the opacity is small, τ 1, and multiple scattering of UV photons can be disregarded. The opacity, or optical depth along a line of sight through the hydrogen exosphere with the local particle number density n H (r ) calculates to:
The cross-section for resonant scattering amounts to σ 0 = 1.865 × 10 −17 m 2 (Meier, 1991) . As we shall see in Section 6, τ < 0.2 for all tangential heights in Figure 6 . In addition, we re-examine the two data sets from Mariner 6 and 7, presented by Anderson and Hord (1971) , with our Monte Carlo model. For these data sets one has to be aware that the last few observations were obtained for lines of sight close to the exobase where the opacity is not negligible any more. For the present work we restrict the analysis to those regions where τ < 0.38.
According to Thomas' (1963) and Bertaux' (1978) work on Lyman-α scattering in the geocorona the following linear relationship between particle density and intensity of UV limb emission is a good approximation under the assumption τ 1, even if the velocity distribution of the scattering particles is non-Maxwellian:
The emission rate factor in front of the integral consists of two natural constants 
Thus, we derive from Equation (6) the following relation between particle number densities and the predicted UV emission, I :
with the emission rate factor k equal to 
For a given density profile model with n H (r ) Equation (8) thus yields the UV emission we would expect in number of photons per seconds per steradian per square meter.
Results
To compare the airglow measurements to a modeled density profile, we must evaluate the path integral along the line of sight given in Equation (8). To simplify the notation let us first substitute for the distance of the spacecraft to the planet centerd . = d + R M , and for the tangential heighth . = h + R M , where R M denotes the Mars radius. For the i-th measurement we define the column density as
Since we apply a spherically symmetric exosphere model, this path integral is symmetrical with respect to the radial distance to the center of the planet r , as long as the line of sight does not intersect with the planetary surface or with the eclipse. Thus, we convert the integration variable dl into an integration over dr.
evaluating the path integral piecewise from r =d i . . .h i and r =h i . . . ∞. We recognize that
and we find the following formula for the predicted column density along the line of sight for a given model exosphere:
Because all heights h i < 10 4 km, the second integral in Equation (15) 
and since n H (r ) ∼ 1/r 2 for r 10 4 km for any temperature, we can safely ignore the second term in expression 16, and we finally have:
Equation (17) can be analytically integrated, since the model density profile n H (r ) can be expressed as a series of power law functions (see Equation (4)). We now search for the set of model parameters (temperature and exobase density) whose density profile n H (r ) minimizes the merit function
where S model (i) is given by Equation (17), and S obs with the corresponding standard deviation σ obs is the integrated column density deduced from the i-th Lyman-α limb emission measurement according to Equation (8):
To minimize the merit function in Equation (18) we first optimize for the exobase density for a given temperature, then the χ 2 -deviations of the different model temperatures are compared to each other. This is illustrated in Figure 8 . Obviously, χ 2 for T = 180 K is much higher than for T = 1000 K, even with an optimized exobase density.
ONE SINGLE HYDROGEN COMPONENT
Several components of hydrogen with different temperatures are thought to co-exist in the Martian exosphere (see Section 1) but our measurement uncertainties urge us to test the one-component approach first. The derived values for the exospheric density and for the temperature will be dominated by the hotter hydrogen components because our observations are restricted to the upper exosphere (see the tangential heights in Figure 6 ). In Section 6.2 we will show the constraints the UV airglow measurements put on a two-component model. Let us first assume that there is only one component of neutral hydrogen with a temperature T and an exobase density n H (r exo ) at 220 km above the surface. If we minimize the Figure 8 . One-component models for a cool and for a hot hydrogen exosphere fitted to the NPD observations (triangles). The exobase densities have been chosen to minimize the χ 2 -statistics: For T = 180 K we fit n H (r exo ) = 7.6 × 10 10 m −3 (dashed line), for T = 1000 K, on the other hand, we find only n H (r exo ) = 6.4 × 10 9 m −3 (solid line). merit function (Equation (18)) we derive the following 1-σ boundaries for the exospheric hydrogen:
n H (r exo ) = 6.4
Note that the upper bound of the temperature estimate is ill constrained: An exospheric model with a deliberately high temperature provides almost as good a fit to the data as one with T = 1000 K. This is partly due to the large error bars of our measurement (see Figure 6) ; the other reason is that the modeled density profile does not change its slope substantially for temperatures above 1000 K. For T → ∞, n H (r ) in Equation (4) converges to n H (r ) ∼ r −2 . Physically, of course, even the most energetic exospheric component cannot exceed a few 10 3 K (Lichtenegger et al., this issue).
To re-evaluate the Mariner 6 and 7 measurements from 1969 published by Anderson and Hord (1971) we adopt their original values for the emission rate factor (k = 8 × 10 −5 sr −1 s −1 ) and the UV background (b = 300 R) but we restrict ourselves to the data points above 3000 km where the optical depth of the exosphere can be neglected. We then compare the Mariner measurements to our exosphere model and we find, according to the same merit function (Equation (18)) and with the same statistical criteria:
n H (r exo ) = 7.1 +0.7 −1.6 × 10 10 m −3 ,
for Mariner 6. For Mariner 7, which approached Mars one week later, we find:
n H (r exo ) = 3.4 +1.6 −0.5 × 10 10 m −3 .
These results are plotted in Figure 9 and summarized in Table I . Anderson and Hord (1971) found, based on a Chamberlain exosphere (Chamberlain, 1963) model, T = 350 ± 100 K and n H (r exo ) = (3.0 ± 1.0) × 10 10 m −3 for Mariner 6 and n H (r exo ) = (2.5 ± 1.0) × 10 10 m −3 for Mariner 7. Thus, the values derived with our exosphere model agree with the ones published by Anderson and Hord (1971) within a factor of 2. The error bars of the Mariner values are notably smaller because the Mariner measurements were obtained with a UV spectrometer that was designed for this task. Since our interpretation of the Mariner measurements is consistent with the one published 35 years ago by Anderson and Hord (1971) we conclude that the values derived from UV airglow measurements do not critically depend on the specific exosphere model. (20) to (25)), whereas for the three lower rows we have assumed the co-existence of a cool and a hot hydrogen component. The temperature T cool is not a fit value, it has been taken from Lichtenegger et al. (this issue) .
Mars Express 1000 +∞ −400 6.4 +4.0 −0.6 × 10 9 --Mariner 6 350 +100 −50 7.1 +0.7 −1.6 × 10 10 -- (20) to (25)) that minimize the χ 2 -statistics. The most notable difference between the NPD measurements from 2004 (triangles) and the Mariner 6 (rectangles) and Mariner 7 (diamonds) data is the diminished exosphere density.
Generally, the upper exosphere in 2004 appears to be much thinner and hotter than in 1969. Note that we took into account the different solar irradiance, which was only 25% higher in 1969, and obviously falls short of explaining the 5 times higher hydrogen density during the Mariner mission compared to the Mars Express measurement. One reason why NPD measured lower UV fluxes might be the different observation geometry: The Mariner measurements were made from above the sun-illuminated Mars surface at solar zenith angles of 27
• and 44
• , whereas the NPD measurement was made from above the nightside at a solar zenith angle of 145
• (see Figure 1) . The exobase is expected to show a large spatial variability that results in an asymmetric exosphere. The model of Holmström (this issue) predicts a spatial variability of the exobase density of up to one order of magnitude. The North pole region where the NPD observation was made shows the lowest exospheric densities (Holmström, this issue). There are, however, other observations from spring 2004 where NPD measured the UV emission of the sun-illuminated Mars surface itself, which never exceeded 5 kR. From Mariner 9 measurements Barth et al. (1972) reported Lyman-α intensities from the Mars disk of up to 10 kR. This suggests that the Martian exosphere generally was thinner in 2004 than it was in 1969. 
CONSTRAINTS ON A TWO-COMPONENT MODEL
The temperatures derived in Section 6.1 for a one-component approach cannot be the bulk temperatures of the exosphere. The dominant CO 2 in the Martian atmosphere is a very efficient cooling agent (Lichtenegger et al., 2002) and the aerobraking and mass spectrometry measurements at the exobase yield (see Lichtenegger et al. (this issue) for a summary) exospheric temperatures of only 150 to 230 K, for low and for high solar activity. The temperature of 350 K derived from Mariner measurements is considerably lower than the value found with the NPD data, but it is still significantly higher than the exospheric bulk temperature of ≤ 240 K that is derived from Mars Odyssey aerobraking data for a comparable solar activity (Lichtenegger et al., this issue). To solve this paradoxon it is plausible to assume that several components of hydrogen co-exist in the Martian exosphere. If this approach is valid all UV airglow measurements have to be interpreted as a mixture of thermal (T close to the exobase bulk temperature of 150 to 230 K) atoms that are concentrated at the exobase and of hydrogen atoms with higher energies that have their origin in dissociative recombination and photodissociation processes. The Lyman-α airglow measurements are, of course, heavily influenced by the hottest component because the density of the cool component quickly drops with increasing altitudes. If we assume that our airglow measurements and those published by Anderson and Hord (1971) have given us correct estimates of the temperature of the hot component and that the temperature of the cool component is the one obtained from aerobraking and mass spectrometry data at the exobase, we can test a simple two-component approach: We estimate the maximum exobase density of a cool component, which still would be in agreement with the three different UV limb emission profiles. If the exobase density of the cool component is much higher than the hot component this influences notably the limb emission profile even at altitudes that fall within our airglow observation range. For this analysis we have set T cool = 180 K for 2004 (solar minimum conditions) and T cool = 210 K for 1969 (solar maximum conditions) according to Lichtenegger et al. (this issue) . T hot is assumed to be the temperature fitted for the single component model (see Equations (20) , (22), (24)). The results of this analysis are given in Table I in the three lower rows, Figure 10 illustrates the two-component approach for the NPD measuremet.
Conclusion
Although the NPD sensor was not designed as UV detector, the Lyman-α airglow measurements done by the Mariner 6 and 7 missions Barth et al., 1971) have been reproduced successfully. We have fitted a model density profile of exospheric hydrogen to UV limb emission measurements done in 2004 during low solar activity, the height ranging from 1,900 to 7,250 km. In the case of a single hydrogen component our model allows for a well constrained value of the exobase density of n H (r ) exo = 6.4 × 10 9 m −3 . However, the optimum temperature of T = 1000 K is poorly constrained because of the statistical errors and because the modeled density profile shows no strong variation for temperatures much higher than 1000 K. In 2004 at low solar activity the hydrogen exosphere appeared to be thinner and hotter than in 1969 at high solar activity. The variability of the upper Mars exosphere is generally high. In 1969 the exobase density decreased by a factor of 2 (see Table I ) within one single week, the solar zenith angles being similar. In 2004 the exosphere seems thinner by a factor of 5 than in 1969. The different observation direction or the spatial variability might explain this discrepancy; the minimum surface density for April 2004 is predicted (Holmström, this issue) for the region above the North pole where the NPD observation was made. Unfortunately, we do not have other limb emission measurements from NPD to track the spatial or temporal variability of the exosphere.
If there are several components of exospheric hydrogen with different scale heights the exosphere parameters we have inferred from the measurements are dominated by the hotter components. The Mariner data from 1969 seem to rule out the presence of a cool (T = 210 K) hydrogen component that is much denser than the observed hot one (see Table I ); the temperature estimate does not increase if one restricts the evaluation step by step to the data points obtained at higher altitudes. Thus, the Mariner data on their own give no motivation to adopt a multi-component approach. Nonetheless, a two-component model with an average temperature of about 250 K and a total exobase density of 10 11 m −3 hydrogen atoms may fit the Mariner data as well as a one-component model. The NPD measurement in 2004 does not rule out the presence of a cool component with an exobase density higher than the observed hot component: A two-component exosphere model with a cool (180 K) and a hot (600 K) component with an average temperature of only 320 K would still be consistent with the NPD measurements. The hydrogen exobase temperatures that are derived from UV airglow measurements generally depend on the number of components one assumes, the derived temperature is bound to be dominated by the hotter components and should therefore not be used as an estimate for the exobase bulk temperature. Lichtenegger et al. (this issue) show that all temperature estimates for the Martian exosphere that were derived from Lyman-α airglow observations are significantly higher than the values derived from mass spectrometry and aerobraking measurements, which are sensitive around the exobase. The hydrogen exobase density is better constrained by our UV airglow measurement: Even if we allow for a cool hydrogen component our data rule out exobase densities above 2 × 10 10 m −3 in 2004 above the North polar region. Beside the Mariner 6 and 7 missions, there was only one Lyman-α airglow measurement at high altitudes before the arrival of Mars Express. In 1972, for medium solar activity (solar activity index of 70, F 10.7 = 120), Dementyeva et al. (1972) found a hydrogen exobase density of only n H (r ) exo = 6 × 10 9 m −3 . They did, however, not calculate an optimal fit temperature; they assumed that T = 350 K, derived from Mariner 6 and 7 data, also applied to their observation (for an overview of temperatures derived for the martian exosphere over the last 35 years refer to Lichtenegger et al., this issue, Figure 4a ). Preliminary results from Lyman-α airglow data obtained with the SPICAM UV spectrograph on Mars Express yield exobase densities of a few to several 10 10 m −3 above the dayside. For some observation configurations the emission profile requires two different hydrogen components with T hot > 600 and T cool = 200 K. The average exospheric temperature appears to be higher than 340 K . The basic problem with comparing Lyman-α airglow data to each other may be that the exosphere is highly variable for different locations.
Although the accuracy of the NPD data is poorer than those measured by Mariner 6 and 7 it can be seen that the Mars exosphere above the North pole region was thinner and hotter for low solar activity than in 1969 at solar maximum. Preliminary results of Lyman-α airglow measurements done with SPICAM above the dayside yield exobase densities similar to the Mariner 6 and 7 data . In any case we do not see (including the work of Dementyeva et al. (1972) ) a trend to higher exobase densities for low solar activity, which was predicted by the exospheric models of Krasnopolsky and Gladstone (1996) and of Krasnopolsky (2002) . If the Lyman-α data are interpreted as measurements of an energetic hydrogen population that is considerably hotter than the hydrogen bulk temperature, lower exospheric densities for low solar activity seem intuitive. In 2004 the solar activity was lower, the photodissociation rates were lower and thus the component of energetic hydrogen was less pronounced than in 1969. Krasnopolsky and Gladstone (1996) use the Mariner measurements as input for the one-component hydrogen exosphere in their model and assume an extreme sensitivity to the solar cycle. Their model predicts for solar minimum conditions an exobase hydrogen density of n H = 10 12 m −3 and T = 200 K. Models on atmospheric loss and on ENA production (see for instance Holmström et al., 2002; Lichtenegger et al., 2002) ) that use the values given by Krasnopolsky and Gladstone (1996) therefore have to be revised since their predictions critically depend upon the exosphere density and temperature. A more recent model of Krasnopolsky (2002) yields somewhat lower densities (n H = 2 × 10 11 m −3 for a solar activity index of 42), but these are still more than one order of magnitude away from our NPD observation.
The NPD measurement presented in this work is not the only experimental evidence that the Martian hydrogen exosphere is considerably thinner than previously modeled for low solar activity. We have already mentioned the Lyman-α airglow measurements done with SPICAM, but there are also non-photometric evidences: With NPD we also have mapped the outflow of hydrogen and oxygen ENAs from Mars (Galli et al., this issue). We have found that the outflow is at least one order of magnitude below theoretical predictions that relied on the exosphere model of Krasnopolsky and Gladstone (1996) . The detected H-ENA and O-ENA intensities are consistent with model predictions only if a thin neutral exosphere with hydrogen column densities of 10 16 m −2 along the NPD line-of-sight is assumed. This is the value we also have found in this work based on the Lyman-α airglow (Figure 8 ).
Based on Mariner and NPD data we tentatively advise modelers to use a few 10 10 m −3 as the spatially averaged exobase density for hydrogen, for low and for high solar activity. The expected spatial variability of the exosphere (Holmström, this issue) may be too notable to be neglected; many models on ENA and ion production have implied a constant exobase density and temperature over the entire planet.
The basic physical properties of the Martian exosphere obviously are not well known yet. There are clear disagreements between theoretical models and data and between different types of measurements. More measurements at the exobase are needed to understand the photochemistry and the heating mechanisms in the Martian atmosphere. The UV airglow measurements are only an indirect way of measuring the temperature and the density of the exosphere. The present situation could be comparable with the investigation of the Venusian exosphere some decades ago. The temperature of the hydrogen exosphere on Venus was also overestimated because the UV airglow measurements were dominated by hot hydrogen atoms far above the exobase. After the first direct mass spectrometer data the estimate of the exospheric temperature had to be reduced from 700 K down to 300 K (Lichtenegger et al., this issue). It remains, however, to be shown why the hot hydrogen component has an exobase density that is comparable to the one of the cool component at Mars, whereas at Venus the exobase density of the cool component is 100 times higher (Bertaux et al., 1978) than the hot one. A more accurate picture of the Mars exosphere will hopefully be gained one day from direct mass spectrometer data.
